is accomplished by cyclical conformational changes of the enzyme (abbreviated as E), generally described using an E1/E2 nomenclature based on the PostAlbers scheme for Na + ,K + -ATPase (3) (SI Appendix, Fig. S1 ). In contrast to the closely related Na + ,K + -ATPase, which exchanges three Na + for two K + ions in an electrogenic transport reaction, gastric H + ,K + -ATPase operates electroneutrally, although its transport stoichiometry (2H + /2K + /ATP or 1H + /1K + /ATP) has remained controversial (4, 5) . A measurement of the proton transport (5) revealed an H + /ATP ratio of 2 at neutral pH. Accordingly, two K + ions must be counter transported during a single turnover of the transport cycle, accompanied by the hydrolysis of one ATP molecule (2H + /2K + /ATP). The reported free energy for ATP hydrolysis of the gastric secretory membrane [−13 kcal/mol (4)] provides sufficient energy to achieve a maximum change in pH (ΔpH) of 4.7 units when two H + ions are transported per hydrolysis of one ATP molecule; thus, the generation of pH 1 (ΔpH > 6 units in the stomach) with a 2H + /2K + / ATP stoichiometry is thermodynamically impossible. Therefore, according to the most widely held hypothesis, the stoichiometry of transported cations per ATP changes from 2 to 1 as the luminal pH decreases (5, 6) , or the stoichiometry simply remains 1 independent of pH (4), although direct evidence for this is lacking. Table S1 ). In combination with the homology model based on the closely related Na + ,K + -ATPase structure (13) (PDB ID code 2ZXE), the present electron-microscopic density map (EM map) is able to determine the bound AlF in the P (phosphorylation) domain as a strong density (SI Appendix, Fig. S7 ), providing an important validation criterion for the reliability of our structure although the resolution is limited to 8 Å. The AlF-bound phosphorylation site at the P domain is covered by the A (actuator) domain, and the N (nucleotide-binding) domain is retracted from the P domain (Movie S1), showing a characteristic E2P-type conformation, like other medium-resolution structures of H + ,K + -ATPase (10, 14, 15). Notably, the density responsible for the bound ADP at the N domain as observed previously in the Rb + -free E2AlF structure was absent in the present (Rb + )E2∼AlF structure, which was likely related to subtle changes in the relative orientations of the cytoplasmic domains (SI Appendix, Fig. S7 and Movie S2). Such an allosteric effect of Rb + also suggests that the present (Rb + ) E2∼AlF structure adopts a conformational state distinct from the preceding Rb + -free E2AlF structure (for details, see SI Appendix, Results and Discussion). In contrast to the cytoplasmic domains, the transmembrane (TM) helices appear to be represented by a large continuous density, which might be related to their inherent flexibility and the lack of crystal contacts in this region. As observed in the horizontal sections of the membrane (SI Appendix, Fig. S8 and Movie S3), however, the 11 distinct features at the TM domain allow us to ensure the quality of the fitting of the individual TM helices. The reliability of our fitted model is also confirmed by the sharpened EM map (16), because it restores the high-resolution amplitude (see Methods for details), in which most of the TM helices can be observed as separate cylinders (SI Appendix, Fig. S9 ).
Single Counter Ion Binding. A remarkable difference is observed at the TM cation-binding site of (Rb + )E2∼AlF compared with the Rb + -free E2AlF structure ( (21, 23) . Among them, E343 is in close proximity to the strong density located at site II in our homology model (SI Appendix, Fig. S11 Fig. S12 ) highlights the different appearance of the EM density with regard to the cation-binding sites (Fig. 2 D-F ; see also SI Appendix, Fig. S10 ). The density distributed around the cation-binding site of the Rb + -free E2AlF structure is weaker than that found in (Rb + )E2∼AlF, and the gravity center of the density (red part in Fig. 2F or SI Appendix, Fig. S10C ) was located on the central axis of the M4 helices rather than on the putative location of the cation-binding site. The EM density at site II of the (K + )E2∼AlF structure was also much weaker than that found in the (Rb + )E2∼AlF structure, most likely because of the lower atomic number of K + compared with Rb + . In contrast to the large impact on the density distribution at site II, site I shows much less variation. To compare the EM densities at the cation-binding sites in each EM map more quantitatively, we conducted a bootstrap resampling analysis with 1,000 replicates (25) (for details, also see Methods), which allowed us to estimate the voxel-wise mean and variance of each EM map (SI Appendix, Fig. S13 ). In contrast to the almost similar values at cation-binding sites I and II of Rb + -free E2AlF, site II had a significantly higher mean value than site I in (Rb E2∼AlF. Similar trends were observed in the (K + )E2∼AlF structure, albeit to a lesser degree. Such differences are not expected if the two cations bind equally well to sites I and II, thus providing further support for the notion that a single Rb + ion binds at site II. Another part of the highly contoured density was distributed on the central axes of TM helices M5, M7, and M8, which likely reflects their inherent rigidness and/or stability rather than Rb + binding ( Fig. 2 B-F and SI Appendix, Fig. S10 ). On the other hand, similar appearances of the density distributions at those TM helices in each EM map (M8 in Fig. 2 D-F and at M5 and M7 in SI Appendix, Fig. S10 ) also provide a cross-validation for proper comparison of the EM density at the cation-binding sites. In fact, subtraction between EM maps of the Rb + -bound and Rb + -free E2AlF structures in real space accentuates a distinct density at site II without significant densities at M5 and M8 (SI Appendix, Fig. S14 ).
Because the crystals were grown at the acidic pH of 4.85, such an apparently single Rb + ion signature at site II prompted us to investigate the pH dependence of the amount of 86 
Rb
+ binding (Fig. 2G) . As expected, the amount of Rb + binding in acidic conditions (pH 4.6 to 5.1) was ∼40% compared with the amount of binding in the neutral pH range. Therefore, we conclude that the observed strong density in the present (Rb + )E2∼AlF structure corresponds to a single bound Rb + ion at cation-binding site II.
Discussion
As described previously, it has been suggested for gastric H + ,K + -ATPase that two H + and two K + are transported per hydrolysis of one ATP molecule at neutral pH, whereas for energetic reasons, only one H + and K + can be transported under the maximal acidic gradient observed in vivo (5) . In conjunction with these energy requirements, one must assume that one cation-binding site has a low pK a for transport at a pH of around 1, whereas a second site has a higher pK a and, thus, retains H + at a highly acidic external pH to explain the variable transport stoichiometry. Our measurement of 86 Rb + binding at different pH levels clearly revealed a reduced amount of 86 Rb + binding at the acidic pH (Fig. 2G) , consistent with the idea of the stoichiometry variation, as well as with the present EM structure, in which one Rb + is visualized at site II (Fig. 2 B-D) . Because the crystals were grown at the acidic pH of 4.85, one Rb + binding observed in the structure, therefore, represents a situation in which the enzyme functions in an "acidic" mode, probably with one proton occupying the other site at all times. Thus, the regulation of transport stoichiometry by luminal pH, as another unique feature of H + , K + -ATPase, appears reasonable. In addition to a variation in transport stoichiometry, another key requirement for the generation of a steep proton gradient is that the transport cycle proceeds unidirectionally, avoiding the risk of proton back-flow (26). As described previously based on the Rb + -free E2AlF structure (14), the N-terminal tail of the β subunit (βNt) functions as a "ratchet" that stabilizes the E2P conformation by tethering the P domain in a E2P-specific position (Fig. 3) to prevent a physiologically unfavorable reverse reaction from E2P to E1P (Fig. 4 A and B) . In notable contrast to Rb + -free E2AlF, however, the βNt is not in direct contact with the P domain in the present (Rb + )E2∼AlF structure (Fig. 3) , indicating that the E2P-stabilizing structural interaction is abolished by Rb + binding, which drives the transport cycle in the forward direction. If such an E2P-stabilizing effect would persist in the following step of the transport cycle, this would affect the turnover of H + ,K + -ATPase. Compared with the wild-type enzyme, however, βNt deletion mutants (in which the E2P-stabilizing effect by βNt is expected to be absent) show apparently no effect on their turnover number in vitro (14) and only a slight effect in vivo (27) . These findings suggest that the βNt does not largely interfere with the progress of the transport cycle in the presence of K + . Upon binding of the second transported cation (s) K + (or Rb + ) to the E2P conformation, the βNt is dissociated from the P domain, as substantiated by our present "ratchet released" structure, thus providing a mechanistic rationale for the directional transport achieved by H + ,K + -ATPase (Fig. 4 B  and C) . Because the risk for proton rebinding and subsequent reversal of the transport cycle might be considerably reduced after the cation-binding site is occupied by K + , the finely timed dissociation of this intersubunit interaction is feasible (Fig. 4C) . Together with previously reported findings regarding the E2 or E2P preference of H + ,K + -ATPase (19) (20) (21) (22) 28) , the proposed vectorial transport model (Fig. 4) (29), and further purified (30) with SDS. They were stored at −80°C in 250 mM sucrose, 0.5 mM EGTA, and 5 mM Hepes (pH 7.0) until use. For 2D crystallization, an SDS-purified G1 fraction was used (31) . For 86 Rb + -binding and ATPase measurements, both the G1 and SDS-purified G1 fractions were used.
Measurement of the Suppression Effect of Rb
For the AlF inhibition of H + ,K + -ATPase, membrane fractions (1 mg/mL) were incubated for 1 h at 37°C in the presence of 20 mM Hepes/Tris (pH 7.0), 250 mM sucrose in the absence (control) or presence of 0.1 mM AlCl 3 , 1 mM NaF, and 0.1 mM MgCl 2 , followed by centrifugation to remove excess inhibitor. The resulting precipitates were suspended in sucrose buffer and used for the following reactivation or 86 Rb + -binding experiments.
For the reactivation experiments (Fig. 1A) , 1 mg/mL control or AlFinhibited H + ,K 2 , 5 mM ATP, 10% (vol/vol) glycerol, and 3 mM DTT, at pH 5.5 adjusted by Tris. The insoluble material was removed by ultracentrifugation, and the supernatant was mixed with dioleoylphosphatidylcholine (Avanti) at a lipid-to-protein ratio (wt/wt) ranging from 1.1 to 1.3. The samples were then placed in 10-μL microdialysis buttons (Hampton Research) using a dialysis membrane with a molecular mass cutoff of 25 kDa (SPECTRA/ Pro no. 7; Spectrum Labs) and first dialyzed on ice for 48 h against 300 mL of buffer containing 10 mM Mes, 10% (vol/vol) glycerol, 1 mM ADP, 3 mM DTT, at pH 5.5 adjusted by Tris, with 1 mM MgCl 2 , 1 mM AlCl 3 , 4 mM NaF, and 10 mM RbCl. The dialysis buttons were then moved into 5 mL of buffer comprising 20 mM propionate, 1 mM ADP, 3 mM DTT, pH 4.8-4.9 adjusted by Tris, with 1 mM MgCl 2 , 1 mM AlCl 3 , 4 mM NaF, and 10 mM RbCl, at 3°C for 14-18 d. For crystallization of the K + -bound form, 10 mM KCl was used instead of 10 mM RbCl. Samples were negatively stained with 2% (wt/vol) uranyl acetate to screen for crystallization conditions. Specimens for cryo-EM were prepared in a cold room using the carbon sandwich method (34) .
Images for the structural analysis were recorded with a JEM-3000SFF electron microscope (JEOL) equipped with a super fluid helium stage (35) on SO-163 film (Carestream). Digitized images were processed with the MRC Image Processing program (36) . The crystals were computationally unbent (37) , and their initial contrast transfer function parameters were determined for correction (38) . The data tilted to 60°were merged using LATLINE (39) at 7-Å resolution, and data to 8-Å resolution were used to calculate a 3D density map to exclude anisotropic structural information at the highest resolution shell of 7 Å (SI Appendix, Fig. S6 and Table S1 ). EM density maps of (Rb Homology Modeling and Structural Analysis. The homology model (deposited in the PDB under PDB ID code 2YN9) for the H + ,K + -ATPase (Rb + )E2∼AlF structure was built with MODELER version 9.7 (40) using the atomic model of the K + -bound E2MgF structure of shark Na + ,K + -ATPase (PDB code 2ZXE) as a starting template. The initial manual fitting of the homology model into the density map was achieved using the program O (41). The adjustment for each individual domain and the TM helices with the EM map was performed using SITUS (42) . After a positional search, further fine fitting and connecting of the split loop regions were performed manually using O or COOT (43) with regularization refinement. We also generated a sharpened map by applying a B factor of −400 to enhance the weak amplitude at the higherresolution shell (16). As expected, the resulting sharpened map showed cylindrical densities for TM helices, and most secondary structures found in the Fig. 3 . Rb + -induced dissociation of the intersubunit interaction at the Nterminal tail of the β-subunit. EM map of (Rb + )E2∼AlF (color surface) and Rb + -free E2AlF (orange mesh), viewed from the cytoplasmic side. Single arrowhead indicates the intersubunit interaction observed in the E2AlF structure, in contrast to its absence in the (Rb + )E2∼AlF structure. Double arrowhead indicates the EM density responsible for the bound ADP observed in E2AlF, despite its absence in (Rb + )E2∼AlF because of the conformational rearrangement of cytoplasmic domains (SI Appendix, Fig. S7 ). Color code: A domain, blue; P domain, green; N domain, yellow; TM, light blue; βNt, pink. cytoplasmic domain were consistent with the fitted homology model (SI Appendix, Fig. S9 ). The sharpened map was noisier, however, and, thus, the original EM map without amplitude scaling was used for the most of our structural investigations. The real-space subtraction of the EM maps of (Rb + ) E2∼AlF and E2AlF (SI Appendix, Fig. S14 ), and the structure drawings were performed using UCSF Chimera (44) .
To compare the density distribution at a high contoured level (4-6 σ) of the TM region of (Rb + )E2∼AlF, (K + )E2∼AlF and Rb + -free E2AlF (Fig. 2 and SI Appendix, Figs. S10, S13, and S14), each density was adjusted to give approximately the same volume at their respective contour levels, according to the relationship between the observed volume and contour level (σ value) in each EM map (SI Appendix, Fig. S15 ). The adjustment gives ∼0.5% of the volume observed in the 1 σ map, at contour levels of 5, 5.41, and 5.5 σ (Fig. 2 B and C, red surface) , and 3.8% for 4, 4.16, and 4.36 σ (Fig. 2 B and C, green mesh) of (Rb To estimate the mean and SD of the EM density maps, we performed a bootstrap resampling analysis (24, 45) with 1,000 replicates. Sixty percent of the images were randomly chosen from the original merged dataset, and then a 3D reconstruction for each EM structure was generated during each cycle. The bootstrap-estimated voxel-wise mean and SDs were then calculated. The values plotted in SI Appendix, Fig. S13 were determined at the position of site I, site II, and Oδ 2 of D385 (for AlF) in the homology model and scaled according to the trends of the highly contoured density as described above (SI Appendix, Fig. S15 ).
